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ABSTRACT
A search for impact basins on Mercury having diameters D>200 km revealed
evidence for 40 such structures on the ti47% of Mercury mapped at sufficient
resolution by Mariner 10. This is similar to the number (35) found-by
Schaber et al. (1977), although there fs disagreement in the details of both
diameters (for basins observed by them and by us) and in the existence of
individual basins. The differences are described in detail. A log (cumulative
r
number/unit area) -log (diameter) plot for our me rcurian basins has a least
squares slope of -2; our basins show somewhat less scatter about this line
than do the Schaber et al. basins. Mercury has (in cumulative number/unit
area) only 37% as many basins as does the Moon over the entire range of
diameters D>300 km. If both the Moon and Mercury have had similar preservation
times for craters and if common populations of impactors are involved, then
Mars--rossers may have been a dominant contribution to the basin-forming
objects.
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INTRODUCTION
Basin-forming impact cratering was a dominant process affecting the earliest
crustal
	 evolution of all
	 the terrestrial	 planets.
	
The effects of this intense
bombardment are most obvious on the well-preserved ancient highland crusts of
z
the Moon and Mercury, but similar large impact basins exist on Mars and must 	 0
i
have formed on the Earth as well.
	
Because extremely large craters are the ones Fr
most likely to survive the obliterating effects of volcanism or later impact y.,
cratering,	 they hopefully provide the best clues about the nature and origin
of the planetesimals which produced the
	
Imbrium, Caloris, Hellas and other
basins.
We therefore conducted a search for large impact basins on Mercury having
diameters D>200 km. 	 Similar investigations have been published by Malin 	 (1976)
_
for D>250 and by Schaber et al. 	 (1977) for D>200 km. 	 However, the identifica-
tion and measurement of old, degraded impact craters, even large ones, is
highly subjective.	 This is especially true for Mercury due to the variable
sy
,resolution,	 viewing and illumination geometry of the Mariner 10 imagery. 	 Inter-
comparison of results obtained independently by different groups using the
same data is an indication of the reliability of those results and/or the
quality of the data.	 We present here a direct comparison of our counts of
4
mercurian impact basins with those obtained by Schaber et al. 	 (1977).	 We then	 4
examine cumulative number of basins 	 (per unit area) plots for the Moon and
Mercury and discuss possible implications for basin production in the inner
solar system by comparison with Hartmann's	 (1977) relative crater production
models.
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3MERCURY IMPACT BASINS
The term "impact basin" as used here is any crater with a diameter
D>200 km. Ti, s is a more general use of the expression than employed by some
(e.g., Wood and Head, 1976). Our sample includes, therefore, a larger number
of objects thar, surveys restricted to peak-ring or multi-ring basins, which
may be more important in understanding the properties of planetary surfaces.
Here we are concerned with the total crater production due to large objects.
We searched for large impact structures on Mercury by first identifying
potential candidates on the 1:5,000,000 shaded relief maps of the ti47% of the
mercurian surface photographed by Mariner 10. For regions within the nine
mapped quadrangles where suspected basins were located we examined the original
Mariner 10 imagery for evidence of a circular rim or rims. We also considered
1
additional criteria, such as changes in crater density inside and outside
circular areas. For each candidate basin we fitted an arc through the preserved
portions of the rim, then measured diameters across this reconstructed rim.
All basin diameters were measured by both authors. A list of the 40 basins we
conservatively identified is given in Table I, which shows the basin number,
name (where mapped), longitude, latitude, the quadrangle in which the basin
lies, our measured diameter (in km), the diameter measured by Schaber et al.
(1977) and the diameter measured by Wood and Head (1976), where available,
The locations and approximate sizes of those basins are shown in Figure 1,
which for convenience is presented in a format similar to that used by
Schaber et al. (1977) in their Figure 1.
Most of the large impact basins on Mercury are incompletely preserved,
which makes difficult both their identification and measurement. Two examples
from the Shakespeare Quadrangle (H-3) are shown in Figure 2 and 3. An incomplete
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4ring marks the location of our basin H35 (Figure 2), located at 164°W, ¢27°.
We measured the diameter to be 280 km. Schaber et al. (1977) also recognized
this structure as an impact basin but reported a diamater of only 218 km.
Their identification may represent an inner ring of the basin we found. In
Figure 3 a larger, more degraded basin (f133) at 160°W, +28 0 is suggested by
the few outcrops in the upper and central portions of the picture, which
describe a circular structure some 380 kin. across. Schaber et al. (1977)
found 366 km for this basin.
The difficulty in assigning rim locations for old basins is shown in
Figure 4, North of the crater Goya in the Tir (or Tolstoj) Quadrangle lie
three apparently concentric but incomplete rings, centered at 153°W, -3 0
 
.
We (and Schaber et al. (1977;) have designated the middle ring as the must
likely rim of this basin, our N31, whose diameter is then about 250 kin across.
However, if the outer circular structure is indeed related to this basin, then
the crater may be over 400 km across.
Figure 5 shows the location of our basin N5, in the Uiper Quadrangle at
25°W, -170 . We believe there is evidence in this Figure for a circular depres-
sion and subdued rim having a diameter of about 440 km. If this basin does
exist, it must be very old, given the subdued, incomplete and cratered slate
of its rim. This basin may in fact be a multiple-ring structure, as indicated
by the portion of poorly preserved rim segments marked in the Figure. Schaber
et al. (1977) did not include this feature in their paper. Those authors did,
however, count a 249 km basin to the east (at roughly 15°W, -16 0 ). We investi-
gated this region but do not feel that the available imagery provided sufficient
evidence to include this among our conservative listing. The structure they
refer to is a vague circular feature visible in Figure 5.
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5There are ,-merous other subdued or highly masked structures of approxi-
mately circular outline which might be considered the rims of buried or partially
obliterated impact basins. We originally identified betdeen 50 and 60 such
possible structures. Our final count of 40 is, we believe, conservative.
Although based on the available Mariner 10 imagery, the basins listed in Table
I should be considered a lower limit even within the imaged portion of Mercury.
Recognition of these structures is highly subjective, and we believe a conser-
vative accounting is in order.
COMPARISON WITH PREVIOUS STUDIES
A direct comparison of our results with those of Schaber et al. (1977) is
provided by the histograms in Figure 6 and 7. The first of these shows the 35
basins recognized by them with diameter D>200 km. Basins for which we could
not find enough evidence for inclusion in Table I are marked by the cross (x).
Among these <,re a 539 kin basin in the Victoria Quadrangle (H-2) at 280W, +510
and a 839 kin 	 at 1300W, +20
 in the Beethoven Quadrangle (H-7). Also not
included in our counts are two basins in the 300-400 kin 	 both in the
Shakespeare Quadrangle (H-3) at 1130W, +290 and 1460W, +270 . In all there are
seven basins in Figure 6 not included in our Table I.
Figure 7 is a histogram of the 40 basins we found. :Those also recognized
by Schaber et al. (1977) (28 basins) are indicated by either a circle or square
around the basin number, which is the same number used in Table I. Circles
mark basins where the diameter measured by them and by us is nearly the same;
that is, the basin would fall into the same bin using their diameter. Squares
show basins for which the Schaber et al. (1977) diameter is sufficientl y
 differ-
ent from our own that the basin would shift to another bin. The arrow indicates
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6the new bin into which the basin would fall if their diameter were adopted.
For most of these basins the change is only one bin; an exception is our basin
#26, which contains part of Sobkou Planitia in the Shakespeare Quad Irangle.
Our diameter is 720 km but they determined a value of 800 km.
Of the 28 basins we have in common, only 10 would change bins by adoption
of the Schaber et al.
	
(1977) diameters, and only one of these (N26) would
shift by more than one bin.
	 Of the 10 basins which would shift, 8/10 would
move to smaller diameter bins. 	 That is, we generally determined larger diameters.
This is particularly true for all
	
the small	 basins.	 The two basins which would
shift to larger diameter bins (1134 and N26) are both large basins	 (440, 720 km
respectively).	 Even among the circled basins we generally report larger
diameters by about 5 km.	 This apparently systematic difference, especially
among the smaller diameters, probably explains the following observation.
We find 12 basins not recognized by Schaber et al.
	 (1977)	 (those without
a circle or a square in Figure 7).
	
Most of these	 (10/12) fall
	
into the
smallest diameter by (200-249 km), and probably result from their measured
diameters falling below their 200 km cutoff value.	 For example, our basins N12
and N13 both have diameters of 200 km (Table I).	 If Schaber et al.	 (1977)
typically measured a small
	 basin as having a diameter n.5 km smaller than our
measured diameter, then these basins would fall	 outside their counting range.
This size-selection effect does not apply to our basin N5 (discussed above)
i or to our basin N29.
	 The latter is a 750 km wide basin located in the Tir
(or Tolstoj, N-8) Quadrangle at 150 0W, +200 .	 The ring, which incl l :des part
of the 8udh Planitia, is poorly preserved, and only the southern portion can
be mapped with confidence.
	 To the north the rim is mostly obscured by plains-
forming units.	 This large basin is the major discrepancy between the Schaber
et a7.	 (1977) results and ours, and is comparable to the 839 km basin reported
by them but not recogniyed by us.
n
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7A detailed comparison of our results with those of Malin (1976) is not
warranted in that he was using preliminary versions of early Mariner 10 images.
He found 18 basins with diameter 0>250km; we find 21 over the same diameter
range and Schaber et al. (1977) found 19. However, Schaber et al. (1977) found
5 basins not recognized by Malin (1976), while he found 5 not reported by them.
The same sort of differences appear in a direct comparison of Malin's basins
with ours. He has a 300 km and 450 km basin not observed by Schaber et al.
(1977) or by us; he did not observe our large 750 km basin N29 nor our 340 km
basin #9 (Schaber et al. (1977) did not count the first but did include the
second of these).
Likewise there is no point in comparing our results with the counts of
multi-ringed basins by Wood and Head (1976), except to show the proportion of
basins which fall into this morphologic subclass. This is done in Figure 8
for the Moon, Mercury and Mars. Lunar basins are from Frey (1977); the mer-
curian and martian basins are our own counts (Table I and unpublished data).
A list of the martian basins used, which includes buried or subdued basins
suggested by Peterson (1977) and King (1977), is available in a format similar
to Table I. In Figure 8 the diameters for the multi-ringed basins are those
quoted by Wood and Head (1976) as "diameters." Note that only 47% of Mercury
has been observed while mapping of the Moon and Mars is essentially 100%
complete at the required resolution for identifying 200 km basins.
Log (cumulative number ) -log (diameter) plots are shown in Figures 9a and
9b for Mercury and Moon, respectively. We again compare Schaber et al. (1977)
basins (+ signs) with ours (open circles). Our lunar basins number 63 (Frey,
1977) as do the total reported by them (their Table II), but again there are
differences in the details of individual basins. The solid lines in each plot
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	 dre formal least squares fits through our data
f
9
For Mercury (Figure gal this
h
s.
.l
i
includes till 40 basins from Table I with D >200 km.	 There is an obviou. -Oak
in the lunar curve below 300 km, so the least squares fit in Figure 9b is	 for
D>300 km only	 Note that this break is evident in both sets of data. This
probably represents destruction of the smaller basins, perhaps as a consequence
of the formation of a few very large basins.
In both Figure 9a and 9b our points seem to cluster somewhat more closely
about the least squares fit than do the Schaber et al. (1977) basins, but the
overall result is the same. We both arrive at the same conclusion: like the
Moon, Mercury shows a cumulative distribution of large impact basins character-
ized by a slope of -2. We feel this relation is good over the entire range of
D>300 km because of the close fit of all of our basins to the least squares
line. Schaber et al. (1977) show in their Figure 6 a deviation from a straight
-2 fine that leads to a changing ratio in the mercurian/lunar basins as a
function of diameter. We would suggest there is little change in this ratio
over the range D>300 km (see below).
Because both the Moon and Mercury show similar -2 slopes in the cumulative
number plots, it is tempting to make a more direct comparison between the
planets. In Figure 10 we plot cumulative number p er unit area versus diameter
for our basins on a log-log scale, This is a more meaningful comparison
between planets with different surface areas, especially when one (Mercury)
is incompletely mapped. We and others (Malin, 1976; Schaber et al., 1977)
expect that the unmapped portion of Mercury is similarly cratered to that part
seen by Mariner 10. The crosses plotted in Figure 10, however, represent only
the 40 basins from Table I normalized by the 47% of Mercury's surface area
imaged at sufficient resolution by Mariner 10. The figure also contains lunar
and martian basins previously shown in Figure 8. The heavy solid line labeled
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0.1, 0.2........ represent 10%, 20%........ of the cumulative number of basins
seen on the Moon. That is, these lines represent relative cumulative densities
for any given diameter compared to the Moon (=1.00).
A least squares fit through the Mercury basins (crosses) is shown by the
dashed line in Figure 10. As described before, this line is parallel to the
lunar distribution and has the -2 slope shown in Figure 9. If this line truly
represents the cumulative number of basins on Mercury, then over the diameter
range D>300 km Mercury has only 37% as many basins per unit area as does the
!loon. Schaber et al. (1977), using broken line distributions (see their
Figure G) found at the small diameter end Mercury was 70% as densely cratered
as the Moon, but that for D>400 km this dropped to 30%. This latter value is
more nearly in agreement with the result we find over the entire diameter
range discussed. Schaber et al. (1977) also suggest that between 400 and 700 km
Mercury has only 21% as many craters as the Moon. Comparison of their points
in Figure 9a and 9b shows that this is due to a deficiency of lunar basins
(relative to our least squares fit in Figure 9b) in this size range. Given
the small number of basins on both planets in the 400-700 km range (3 in their
counts, 4 in ours), this may be statistical fluctuation, and certainly is
highly dependent on basin recognition and measurement. We feel a more appro-
priate approach is to examine the entire distribution for D>300 km for both
planets, especially in light of the closeness of the fit for our basins.
We conclude that, based on the observed 47% of the mercurian surface mapped
at sufficient resolution, Mercury has only 37% as many impact basins per unit
area as does the Moon, over the diameter range D>300 km.
I
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DISCUSSION
If the unmapped portion of Mercury is cratered in the same way as that
surface viewed by Mariner 10, then Mercury has only 37% as many impact basins
as does the Moon, per unit area. This does not say that Mercury has over its
history experienced only 37% as many impacts in this size range as did the
Moon. The actual implications of these results depend on a number of highly
suspect assumptions.
There is no direct information in Figure 10 about the nature or source of
the bodies responsible for the large basins on Mercury. In particular there
is nothing in the relative number of impact basins between the Moon and Mercury
that bears on the controversy concerning the timing of the late heavy bombard-
ment on the Moon, (Whether the largest lunar basins were formed by a special
flux of object impacting all the inner solar system planets and roughly the
same time or whether those basins represent the large mass tail of an accre-
tional events between planets.) Even though there are dynamically plausible
orbits for producing the basin-forming bombardment in this way (Wetherill, 1975),
it may be an over simplification to ascribe the late heavy bombardment on all
the terrestrial planets to a single popu'ation of objects (Wetherill, 1976;
Malin, 1976).
But the similarity of the slopes in the least squares fits through the
cumulative distributions for both the Moon dnd Mercury is intriguing. If we
make the overly simplified and probably incorrect assumptions that (a) Mercury
and the Moon have been preserving impacts for the same period of time, and
(b) that both bodies have been cratered by similar populations of bodies, then
the relative number of impacts per unit area on the two bodies may be indica-
tive of the source of the impactors.
h
i^
♦
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Hartmann (1977) has calculated relative crater production rates on the
planets both from objects in individual urbits and for model solar systems.
The later represent combinations of individual orbits with different weights.
His Table VII describes five model solar systems and the resulting total crater
production per unit area on each of the terrestrial planets (and Ganymede)
relative to the number produced on the Moon. For only one of these models is
Mercury expected to have fewer impacts per unit area than the Moon. His model
B ("Asteroidal") represents a combination of Mars-crossing and Apollo-type
asteroids. These orbits, with the weights he assigns, predict Mercury to have
80% as many craters per unit area as the Moon, Wv find only 37% as many among
the basin-sized craters. If the assumptions discussed above are valid (see
below), model B is not a good representation of the bodies producing the major
impact basins on the Moon and Mercury.
A stud, of Hartmann's Table VI of individual orbits shows three among the
"modern planutes •imals" that yield fewer impacts per unit area on Mercury than
on the Moon. "Comet Temple 2" (W2) predicts 0,89, "Mars Crosser" (WI) predicts
0.37 and "19 Known Apollos" predicts 0.26 impacts on Mercury for each lunar
critter. The Mars Crosser result is identical to our relative counts of cumu-
lat i
 , number per unit area. This is clearly a coincidence too good to be
true. But if the assumptions of equal preservation time (crater retention age)
and similar cratering populations for the Moon and Mercury are true, then Mars
Crossers (W1) as described by Hartmann (1977) and Wetherill (1975) may have
been an important contribution to the cratering that produced the major impact
basins on both planets.
I,
a
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One possible test of this simplified idea of ascribing the basin-forming
R	 bombardment tc a single (or at best a dominant) population of Mars-crossers is
to look at the number of impact basins on other planets. The "predicted"
number of impacts per unit area on Mars for the Mars Crosser (141) population
is 0.57 the number on the Moon. In Figure 10 we have shaded the region showing
relative cumulative number between 50 and 60% the lunar number. Our MarsY	
^+
basins with O>200 km are shown in Figu re 10 by the symbol o . The broken curve
is iiidicative of the destruction of basins due to subsequent geologic events.
Even the large diameter fraction lies below the "predicted" 57%. This is perhaps
not surprising, given the geologic activity of Mars and the resu r facing that has
I-	 occurred there, especially in the northern plains. We note that for D>800 kin,
the observed martian basins are only one or two basins below the "predicted"
value (shown by the shading). It is not unlikely that one or two basins of this
size may in fact have formed in portions of Mars now containing much younger
surfaces. The counts shown in Figu re i0 cannot determine the significance of
the Mars-crosser (141) population for producing major basins on the terrestrial
planets. But the fact that the number of very large basins in not greater than
"predicted," and within a factor two of the expected value, makes the idea at
least tenable. Perhaps crater counts of Venus or JIII will eventually shed
light on this problem, unless those su rfaces have also been extensively reworked
The contribution of Mars-crossers to the cratering of the terrestrial
planets is an important problem (see Hartmann, 1977). We only suggest that
such objects may have been important in the basin-forming flux, and this is
based on the unlikely situation that assumptions (a) and (b) above are true.
In reality it is extremely unlikely that the Moon and Mercury have been preser-
ving craters for the same period of time. Mercury may have taken longer than
lq
the Moon to cool enough to preserve large impact structures. While this
{	 cooling may have overlapped in time a saturation bombardment of the Moon, it
is unreasonable to expect these two planets to both count impacts for the same
duration. Likewise there is the possibility that Mercury has been resurfaced
since it formed,or that very different populations of impacting bodies may
have been dominant in different parts of the solar system (Schaber et al.,
1977; Malin, 1976).
The more serious problem comes from the realization that the present
imaging data is not adequate for us to unambiguously determine the number of
large impacts on Mercury. Working with the same data, Schaber et al, (1977)
found 35 basins compared with our 40 large impacts. Our general conclusions
are the same but the details of basin identification and measurement are not.
They have large basins which we do not count; we list basins they did not
record. The uncertainty in the identification of these structures severely
limits our ability to infer the details of Mercury's crustal evolution as
influenced by basin-forming impacts. It also makes difficult detailed inter-
planetary comparisons which may some day depend on the crater counts and not,
as now, on dynamic modeling. Echoing Hartmann (1977), more dynamical studies
are needed, both of individual orbits and plausible model solar systems. It
would be interesting, for example, to see whether there exist model systems
that can produce the observed ratio of basins (per unit area). If no reason-
able models are capable of this, then it is indeed possible that the flux at
Mercury has been (as most of Hartmann's models suggest) higher than at the
Moon, but that mush of the early cratering has been lost due to slower solidi-
fication of the crust or subsequent resurfacing.
u,
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CONCLUSIONS
We find 40 large impact structures on the imaged portion of Mercury having
diameters D>200 kill, This is similar but riot identical to the 35 basins over
the same size range reported by Schaller et al. (1977). However, despite the
fact that we both used the same data, only 28 of our 40 are recognized by
them. They report seven basins for which we could not find sufficient data
for inclusion in Table I. This group includes one 839 km, one 539 kill and two
300-400 kill basins. Likewise we find 12 basins not recognized by them, including
two large structures, Most of our "extra" basins are in the 200-249 km range.
Because Schaller et al. (1977) typically measured smaller diameters then we
found, these "extra" basins may have fallen below their cutoff of 200 km
diameter.
A log (cumulative number) -log (diameter) plot reveals a -2 slope for a
least squares fit to tfre 40 Mercury basins. This is identical to the slope
found for lunar basins with diameter D>300 km, Per unit area Mercury has,
over the imaged portion of the planet, only 37% as many large impact basins
as the Moon.
The number of impact basins on Mercury (per unit area) is significantly
less than most models would predict for relative crater production rates
(Hartmann, 1977). One class of individual impactors that can account for the
observed number of impact basins on Mercury relative to the number on the Moon
(per unit area) are the 141 Mars-Crossers (Hartmann, 1977; Wetherill, 1975).
This same flux can, within a factor 2, account for the number of impact basins
on Mars with diameters D>800 km. Mars-crossers may have been a dominant contri-
bution to the basin-forming flux in the inner solar system.
^r
16
It is unlikely, however, that the Moon and Mercury have been preserving
impacts for the same period of time. Mercury may indeed have had a higher flux
of impactors than the Moon, but resurfacing or slower cooling of the larger
planet may have removed the majority of early-forming impacts. Furthermore,
it may be unreasonable to expect the same population of impactors to control
the crater production on both the Moon and Mercury.
The available Mariner 10 imagery, covering some 47% of the surface of
Mercury, is not adequate for the unambiguous identification and measurement of
ancient impact basins, which limits both understanding of the effects of
bombardment on Mercury's crustal evolution and on relative impact histories
among the terrestrial planets.
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FIGURE CAPTIONS
Figure 1:
	
Shaded relief map of the imaged portion of Mercury with basins
having diameter D>200 km. Numbers refer to the listing in Table I.
Figure 2:	 A large impact basin in the Shakespeare Quadrangle, located at
164°W, +27°. The basin is 280 km in diameter. (a) Mariner 10
image of proposed basin, also recognized by Schaber et al. (1977).
(b) Dashed lines indicate basin rim.
Figure 3:	 A 380 km wide impact basin in the Shakespeare Quadrangle at 160°W,
4.280 N.	 (a) Mariner 10 image of the basin. (b) Dashed lines super-
imposed on proposed rings of the basin. The incomplete ring in the
lower left is the basin shown in Figure 2.
Figure 4:
	
A possible multi-ringed basin in the Tir Quadrangle, located at
1530W, -30 . The intermediate ring shown in (b) is taken to be the
basin rim, which then has a diameter of 250 km. The outer ring is
over 400 km across. (a) Mariner 10 image of the region near the
crater Goya. (b) Proposed rings of the basin shown as dashed lines.
Figure 5:	 A 440 km wide impact basin in the Kuiper Quadrangle at 25°W, -17 0 .
(a) Mariner 10 image of the region near Mahler. (b) Dashed lines
show proposed basin. The highly degraded nature of the basin is
suggestive of great age.
Figure 6:
	
Histogram of Mercury basins with D>200 km reported by Schaber et al.
(1977). Basins not counted by us are marked with an X.
Figure 7;	 Histogram of Mercury Basins. Numbers refer to basins listed in
Table I. Basins also recognized by Schaber et al. (1977) shown by
circles or squares. Circles indicate similar diameters were measured
by Schaber et al. (1977); squares indicate Schaber et al. (1977)
diameter would shift the basin into the bin shown by the arrow.
See text for details.
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Figure 8:	 Histograms of impact basins on Mars, Mercury and the Moon. Multi-
ringed basins (Wood and Head, 1976) shown in black. Lunar basins
are from Frey (1977). Mercury and Mars basins represent this work.
See text. Note that only 47% of the surface of Mercury has been
imaged.
Figure 9:	 Cumulative number versus diameter (on log-log scale) for Mercury
(a) and the Moon (b). Our basins indicated by open circles; plus-
signs represent Schaber et al. (1977) basins. Solid line is least
squares fit through our points for D>200 for Mercury and for D>300
for the Moon.
Figure 10: Log-log plot of cumulative number of basins per unit area versus
diameter for Moon, Mercury and Mars. Data same as shown in Figure
8. Heavy solid line is least squares fit through lunar basins
(Frey, 1977) for D>300 km. Least squares fit through Mercury basins
is shown by dashed line. 	 Solid lines marked 0.1, 0.2, 0.3.......
represent 10%, 20%, 30%....... as many basins per unit area as on
the Moon. See text for details.
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